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ABSTRACT 
 
BEN VON KORFF: Spatial Variability of Denitrification in Tidal Freshwater Rivers 
(Under the Direction of Michael F. Piehler) 
 
Denitrification (DNF) rates in river channel sediments are thought to be lower than 
the riparian zone, but few studies have examined spatial variability of DNF in the tidal 
freshwater zone (TFZ). DNF was measured in the channel, bank, and floodplain at upstream 
and downstream sites of two TFZs of rivers in Eastern NC with different nitrate regimes, the 
New River and Newport River, using membrane inlet mass spectrometry. DNF was usually 
similar between sites regardless of inundation regime. The contribution of channel sediments 
to the net N2 flux was greater than the riparian zone in the New River, and less in the 
Newport River. Sediment oxygen demand was usually correlated to DNF in the New River, 
and periodically in the Newport River. These data provide new information on the relative 
importance of the channel, bank, and floodplain to TFZ DNF
 
and will improve estimates of N 
removal by the TFZ. 
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INTRODUCTION 
 
Rivers and Nitrogen Loading to Coastal Ecosystems 
  
Rivers link terrestrial and coastal ecosystems via the transport of terrestrial derived 
materials including nutrients, organic matter, and sediments. These materials enter rivers via 
runoff, groundwater, aeolian transport, and atmospheric deposition. Their delivery to coastal 
ecosystems is complex, since during transport materials undergo storage, removal, or 
transformation by processes such as biotic uptake, and biogeochemical processes. In 
particular, river-floodplain interaction strongly affects material transport. Floodplains can 
retain nutrients and sediments which are deposited during overbank flow, and floodplains can 
act as a major source of organic material to rivers (Noe and Hupp 2009, Cuffney 1988). 
Floodplains are active sites for biogeochemical processes, so river-floodplain interaction can 
affect river water chemistry, and alter nutrient transport in rivers (Forshay and Stanley 2005). 
The transport of nutrients and sediments to the coast by rivers affects coastal water quality, 
geomorphology, and ecology. Sediments stabilize deltas and coastal wetlands, and are a 
source of adsorbed nutrients and organic matter. Rivers supply coastal ecosystems with 
nutrients that can fuel primary production, including nitrogen, phosphorus, and silica. Of all 
the materials transported by rivers, nitrogen is especially important because it typically limits 
primary production in coastal ecosystems (Howarth 1988).  
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Human activities have drastically altered the global nitrogen cycle, leading to accelerated 
rates of nitrogen loading from rivers to coastal ecosystems. The rate of nitrogen fixation to 
the terrestrial biosphere had approximately doubled by 1990 due to human activities 
including the use of nitrogen fixing crops, fossil fuel combustion, and the creation of 
fertilizers using the Haber-Bosch process (Vitousek et al. 1997, Nixon 1995). As a result, the 
rate of nitrogen loading from rivers to coastal ecosystems almost doubled from 1961 to 1997 
(Howarth et al. 2002). Human modifications of landscapes and flow dynamics have also have 
impacted coastal nitrogen loading. The increase in urban development resulting in greater 
impervious surface area can facilitated the transport of nitrogen from terrestrial environments 
to rivers (Wollheim et al. 2005). Channelization, dam construction, artificial levee 
construction, and loss of floodplain habitat can reduce the frequency, duration and/or area of 
floodplain inundation, which can reduce nitrogen retention on floodplains (Decamps et al. 
1988, Ligon et al. 1995, Noe and Hupp 2009). Alteration of flow dynamics also changes the 
residence time, the average time a water particle spends in a reservoir, and residence time 
affects the interaction of nitrogen with the sediments and biota.  
 
Although some nitrogen transport is critical for supporting estuarine primary 
production and therefore fisheries yields (Nixon 1982), excess nitrogen loading due to 
anthropogenic activities can lead to the degradation of estuarine water quality. Excess 
nitrogen loading can cause eutrophication, defined as an increase in the rate of organic matter 
supply to an ecosystem (Nixon 1995). Eutrophication can cause oxygen depletion in bottom 
waters due to accelerated decomposition, leading to fish kills (Paerl 1998). Low oxygen 
concentrations can result in the death or reduction in species diversity of benthic infauna 
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(Rabalais 2002). Nutrient enrichment favors fast growing microalgae and macroalgae over 
slow-growing vascular plants and macroalgae, which has been shown to cause the loss of 
habitat for invertebrates (Duarte 1995, Cloern et al. 2001). Harmful algal blooms (HABs) can 
harm marine organisms through either mechanical damage or toxin production and may be 
increasing in frequency in response to nutrient enrichment (Rabalais 2002). Toxins from 
HABs can accumulate in shellfish or fish, harming organisms higher on the food chain, 
including humans. Controlling nitrogen inputs to coastal ecosystems is therefore an important 
management goal. 
 
It has been reported that only approximately 25% of total nitrogen inputs to rivers are 
exported to the coast, so substantial nitrogen sinks must exist along the way (Boyer et al. 
2002).  Natural processes which attenuate nitrogen loading to estuaries include algal uptake, 
anaerobic ammonium oxidation (anammox), and denitrification (DNF). Algae assimilate 
inorganic nitrogen, converting it to particulate organic nitrogen. Assimilation only stores 
nitrogen temporarily though, since ammonification, the decomposition of organic matter with 
production of ammonium, returns stored nitrogen to the water column. In contrast to 
assimilation, the two anaerobic microbial processes, anammox and DNF, permanently 
remove inorganic nitrogen from rivers by converting it to nitrogen gas (N2), which is 
unavailable to most organisms. Anammox is a recently discovered chemoautotrophic process 
which converts ammonium and nitrite to N2:  
NH4+ + NO2− → N2 + 2 H2O 
Unlike anammox, DNF is heterotrophic, using nitrate as an electron acceptor for the 
oxidation of organic matter: 
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CH2O + NO3- + 2H+ → CO2 + 1/2N2 + 2H2O 
A few intermediates occur during the DNF process, including nitrite, nitrous oxide, and nitric 
oxide. The relative importance of DNF and anammox varies between aquatic ecosystems. 
Anammox is responsible for a large portion of N2 production in some oceanic environments, 
such as oxygen minimum zones (Ward et al. 2009), but is responsible for only a small 
proportion of N2 production in estuarine systems. For example, the percentage of N2 
production due to anammox was less than 3% in tidal marshes in the Plum Island Sound 
Estuary, Massachusetts (Rich et al. 2008), and from less than 1% to 11% in estuaries in 
Southeast England (Nichols et al. 2009). These studies suggest that DNF dominates N2 
production in freshwater and estuarine environments.   
 
Maximizing nitrogen removal through DNF could improve estuarine water quality. 
By permanently removing nitrogen from rivers, DNF provides as an ecosystem service, 
defined as the "collective term for the goods and services produced by ecosystem that benefit 
humankind" (NRC 2005a). On the other hand, DNF can produce nitrous oxide (N2O), a 
greenhouse gas about 300 times as powerful per unit weight as carbon dioxide (CO2), 
although radiative forcing due to N2O is less than 10% of radiative forcing due to CO2 (NRC 
2005b). The tradeoff between positive impacts to water quality and the negative effect on 
climate change should be taken into account when making management decisions concerning 
DNF (Beaulieu et al. 2011). 
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Controlling Factors of DNF 
 
A rigorous understanding of the factors which control DNF is necessary to manage 
aquatic ecosystems to enhance DNF.  DNF has been shown to increase with nitrate 
availability in many aquatic ecosystems (Kana et al. 1998, Pina-Ochoa and Alvarez-Cobelas 
et al. 2006, Mulholland 2008). One process in the nitrogen cycle which influences the nitrate 
supply for DNF is nitrification, an aerobic process which converts ammonium (NH4+) to 
nitrate via the following two-step reaction: 
1. NH4+ + 3/2 O2 → NO2- + H2O + 2H+ 
2. NO2- + 1/2 O2 → NO3- 
 
DNF of nitrate produced by nitrification is referred to as coupled DNF (or coupled 
nitrification-denitrification), while DNF of water column nitrate is referred to as direct DNF 
(or uncoupled DNF). Seitzinger et al. (2006) found that in a variety of aquatic ecosystems 
(lakes, rivers, estuaries, and coastal/shelf) coupled DNF typically dominated N2 production 
when the concentration of nitrate in bottom waters was less than 10 µM. 
 
Organic matter quantity and quality are other important factors for controlling DNF 
(Pina-Ochoa and Alvarez-Cobelas et al. 2006). Although some denitrifiers are autotrophic 
(Korom 1992), it is extremely rare, and the majority of denitrifiers are heterotrophic, and use 
organic matter as an electron donor. Therefore the supply of organic matter can limit DNF 
rates. Also, high quality organic matter (low C:N ratio) typically supports higher rates of 
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DNF than low quality organic matter (high C:N ratio), so both the quantity and the quality of 
organic matter can be important (Hill and Cardaci 2004). 
 
The depth of oxygen penetration in sediments also affects the rate of DNF. 
Denitrifiers are facultative anaerobes, meaning they switch to using aerobic respiration if 
oxygen is available, since aerobic respiration is more energetically favorable than DNF  As a 
result, DNF typically occurs only below the oxic-anoxic interface, although DNF can occur 
in the oxic zone if anoxic microsites are present (Arah 1990). A deeper oxygen penetration 
depth increases the diffusion path length for nitrate from the water column, reducing nitrate 
availability, and thereby reducing direct DNF (Christensen et al. 1990, Nielsen et al. 1990, 
Rysgaard et al. 1994, Cornwell 1999). On the other hand, a deeper oxygen penetration depth 
increases the area over which nitrification occurs and provides nitrifiers with access to higher 
ammonium concentrations deeper in the sediments, resulting in higher rates of coupled DNF 
(Cornwell et al. 1999, Rysgaard et al. 1994, Jenkins and Kemp 1984).  
 
A variety of factors influence the oxygen penetration depth in the sediments. The 
presence of water overlying sediments acts as a barrier to diffusion of oxygen from the 
atmosphere, so DNF is enhanced in inundated sediments (Smith and Tiedje 1979). As a 
result, DNF is often strongly correlated with soil moisture (Machefert and Dise 2004). Lower 
oxygen concentrations in the overlying water and increased sediment oxygen demand (SOD), 
the integrated rate of sediment oxygen depletion, cause a shallower oxygen penetration depth 
(Cai and Sayles 1996). Sediment reworking and bioirrigation can increase the supply of 
oxygen to deeper sediments (Fanjul et al. 2007). Meta-analysis of DNF in a wide range of 
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aquatic ecosystems has shown strong correlations between DNF and SOD, suggesting it is a 
good predictor of DNF (Seitzinger and Giblin 1996, Mulholland et al. 2008, Fennel et al. 
2009). SOD can be correlated with DNF because changes the oxygen penetration depth, 
affecting either the diffusive path length for nitrate or nitrification. SOD also can be 
associated with DNF because both SOD and DNF can be affected by the supply of labile 
organic matter (Mulholland et al. 2008, Piehler and Smyth 2011). In addition, SOD may be 
correlated with DNF because nitrification is a process which both consumes oxygen and 
supplies nitrate to denitrifiers (Seitzinger and Giblin 1996). Finally, temperature impacts both 
the metabolic rate of denitrifers and overall microbial oxygen consumption, which can cause 
SOD and DNF to be correlated.   
 
Studies have found a positive correlation between DNF and temperature (Sirivedhen 
and Gray 2006), and therefore DNF shows strong seasonality (Pfenning and McMahon 
1997). Temperature may be especially important when other factors such as nitrate are not 
limiting to DNF (Smith et al. 1985, Herbert 1999). Temperature controls DNF directly by 
affecting the metabolic rate of denitrifiers (Richardson 2004), and indirectly by affecting 
ammonification, respiration, and nitrification (Racchetti et al. 2011). 
 
Geomorphology and hydrology can affect DNF by influencing the proportion of the 
riverine nitrogen load which is denitrified (Seitzinger et al. 2006). These factors affect the 
residence time, the time it takes for water to travel through a river reach. A longer residence 
time increases the likelihood that nitrogen will be denitrified before being transported 
downstream. Studies have shown that the proportion of nitrogen inputs removed is strongly 
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correlated to water residence time in lakes, rivers, and estuaries (Seitzinger et al. 2006, Nixon 
et al. 1996). Geomorphology is also important because the surface area to volume ratio 
affects the amount of interaction between the sediments and nitrogen. Small streams have a 
large surface area to volume ratio so remove a greater percentage of nitrogen loads than 
larger streams (Alexander et al. 2000, Peterson et al. 2001).  
 
Salinity has been suggested to be negatively correlated with DNF for a few reasons. 
First, as salinity increases, the ionic strength of sediment porewater increases, and 
ammonium desorbs from sediment particles. A reduction of the supply of adsorbed 
ammonium has been suggested to reduce nitrification, resulting in lower coupled DNF 
(Sietzinger et al. 1991), although ammonium desorption could also increase the availability 
of ammonium to nitrification, enhancing coupled DNF. Salinity may inhibit nitrification or 
DNF due to physiological effects (Rysgaard et al. 1999). Finally, sulfate reduction is more 
common in saline environments, and hydrogen sulfide, the end product of sulfate reduction 
may be toxic to nitrifiers or denitrifiers (Joye and Hollibaugh 1995). Some studies have 
shown declining denitrification as salinity increases along an estuarine salinity gradient 
(Risgaard-Peterson 2003). Still, a negative correlation between DNF and salinity can also 
reflect changes in the supply of nitrate and organic matter (Senga et al. 2010), and some 
studies have shown no change in DNF rates along an estuarine salinity gradient (Magalhaes 
et al. 2005).   
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Temporal and Spatial Variability in DNF 
 
Periods of high rates of a biogeochemical reaction and locations with high rates of a 
biogeochemical reaction are called "hot moments" and "hot spots", respectively (McClain et 
al. 2003). Hot moments of DNF can follow floodplain inundation, nitrate pulses, increases in 
temperature, and episodic organic matter inputs (Bernhardt et al. 2003, Forshay and Stanley 
2005). Hot spots of DNF occur when there is a combination of conditions and materials 
required for DNF, including high nitrate concentrations, a large and labile organic matter 
supply, and anoxic conditions. DNF can vary spatially at small (centimeters) scales, field 
scales (between 10-100 meters), and landscape scales (between 1000-10,000 meters) 
(Groffman et al. 2009). The factors which control spatial variability of DNF at small and 
large scales can differ. For example, at a small scale, high DNF rates could be associated 
with an area of labile organic matter in the soil, while at the landscape scale DNF could differ 
with land use. 
  
The relative importance of a hot spot or hot moment to the total N2 flux in an 
environment depends on the degree of the enhancement of the DNF rate, but also the total 
area over which the DNF hotspot occurs or the duration of hot moment conditions. In some 
environments DNF hot spots and hot moments represent a significant proportion of the total 
N2 flux from an environment, and therefore spatial and temporal variability must be taken 
into account when modeling DNF (Groffman et al. 2009, McClain et al. 2003). Spatial 
variability of DNF in most ecosystems is poorly understood because DNF is typically 
undersampled (Pina-Ochoa and Alvarez Cobelas 2006). According to Boyer et al. (2006), a 
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lack of DNF measurements at the appropriate spatial scales are a major limitation of DNF 
models. Understanding spatial and temporal variation is valuable to managers in order to 
select environments for conservation, and to determine how management practices should 
changes seasonally. 
 
River floodplains are environments which have been recognized as potential hot spots 
or hot moments of DNF. DNF can occur on river floodplains following inundation during 
storm events or high river flow, since upon inundation decomposition of organic matter 
causes oxygen depletion until conditions become sufficiently reducing for DNF to occur 
(Baldwin and Mitchell 2000, Smith and Tiedje 1979). The alternation between dry and wet 
conditions in sediments is unique to floodplains environments, and it has the potential to 
enhance DNF compared to permanently inundated sediments by allowing for both 
nitrification and DNF to occur in the same location (Pinay 2002). During sediment exposure, 
although DNF may be reduced or absent due to oxic conditions, nitrification rates increase 
causing nitrate concentrations build up, and this nitrate supply can enhance DNF rates upon 
inundation. As a result, periods of exposure may prime floodplains for DNF (Baldwin and 
Mitchell 2000, Scaroni et al. 2011). Floodplains can remove large quantities of nitrogen due 
to DNF, but this nitrogen removal ceases under low flow when the river-floodplain 
connection is lost (Forshay and Stanley 2005). Even though floodplains have a large capacity 
for nitrogen retention, floodplain ecosystems remain relatively understudied (Orr et al. 2007). 
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Tidal Freshwater DNF 
 
In the tidal freshwater zone (TFZ), defined as having an average annual salinity less 
than 0.05 practical salinity units (PSU), but occurring within the limit of tidal influence 
(Odum 1998), DNF can occur daily in riparian zone sediments due to tidal inundation 
(Ensign et al. 2008). Thus, DNF has the potential to occur more frequently in the riparian 
zone of the TFZ than in non-tidal river floodplains, where inundation only occurs during high 
flow events. The presence of frequently flooded, expansive riparian zones could result in a 
greater flux of N2 due to DNF in the TFZ per unit river length compared to non-tidal rivers. 
In fact, Ensign et al. (2008) found that in the Newport River, NC, DNF in the riparian zone 
accounted for 38% of the total N2 flux from the TFZ, and removed between 2-232% of the 
incoming riverine NO3- load, suggesting that the riparian zone can be an important sink for 
nitrogen in the TFZ. 
 
The TFZ has also been suggested to be a hotspot for DNF due to the presence of high 
nitrate concentrations, high organic matter supply, and low salinity. A large human 
population (53%) lives in the coastal region of the United States, but coastal watersheds only 
represents 17% of the nations land area (Boesch et al. 2000), and as a result, the TFZ receives 
high nutrient loads (Megonigal and Neubauer 2009). Odum (1998) found that sediments in 
tidal freshwater marshes were more organic rich than those in salt marshes. The tidal 
freshwater zone may be organic rich because it receives a large supply of riverine and 
terrestrial organic matter (Odum 1998). Also, nitrogen concentrations may be higher in 
riparian zone sediments of the TFZ than other aquatic ecosystems due to a high supply of 
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nutrients sorbed to or bound within organic matter (Anderson and Lockaby 2007). 
Furthermore, conditions fluctuate daily from oxidized to reduced in the TFZ, which may 
increase the nitrate supply from nitrification. Finally, DNF may be higher in the TFZ relative 
to downstream locations due to a lack of inhibition due to salinity. Of course, the TFZ 
receives pulses of salinity during storm events, or during periods of low precipitation. 
Weston et al. (2006) found that increasing the salinity in tidal freshwater sediments to 10 
PSU resulted in a reduction of the DNF rate, so periodic salinity intrusion due to low 
precipitation or during storm events could inhibit TFZ DNF at times. Although tidal 
inundation of the riparian zone is not unique to the tidal fresh, the tendency to occur in highly 
developed watersheds, the presence of high organic matter supply, and the presence of 
freshwater most of the year suggest the TFZ could be an extremely active site for DNF. Craft 
et al. (2009) found higher rates of DNF in tidal freshwater marshes than salt marshes, 
providing evidence that the TFZ is a hotspot for DNF.  
  
Due to the close proximity of the TFZ to the coast, the TFZ is especially vulnerable to 
sea level rise. The current rate of eustatic sea level rise is approximately 3.4 ± 0.4 mm year-1 
(Nerem et al. 2010), although sea level rise will affect some systems in the TFZ more than 
others since the apparent rate of sea level rise depends on the local rate of isostatic 
adjustment. In order to keep pace with sea level rise tidal freshwater marshes must accrete 
using mineral or organic matter (Neubauer 2008). Weston et al. (2011) suggested that 
increased organic matter mineralization due to salinity intrusion in the TFZ will reduce rates 
of marsh accretion.  If the TFZ is unable to accrete fast enough, it may be replaced by salt 
marshes, which may reduce ecosystem services provided by the TFZ such as DNF (Craft et 
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al. 2009, Park et al. 1991). Also, as the tidal signal migrates further upstream, this will alter 
landscape-scale patterns of N2 flux from previously non-tidal rivers. Therefore, it is critical to 
understand the role of the TFZ in nitrogen removal to predict the impact of sea level rise on 
coastal nitrogen cycling. 
 
Modeling Tidal Freshwater Zone Denitrification 
 
The net N2 flux from the TFZ is a function of the inundation extent, frequency, and 
duration, the lag time until reducing conditions following inundation, and spatial variability 
in the DNF rate (Ensign et al. 2008). A greater inundation extent increases the area over 
which DNF occurs, and a longer inundation period allows for DNF to occur for a greater 
portion of the tidal cycle. On the other hand, a longer period of sediment exposure could 
increase the nitrate supply due to nitrification. Inundation frequency and duration vary with 
elevation in the TFZ: sediments in the river channel are permanently inundated, and therefore 
DNF has the potential to occur continuously. The bank is inundated for a large portion of the 
tidal cycle, and at a higher elevation the floodplain may be inundated for only a small portion 
of the tidal cycle or may only become inundated under high flow conditions. Variation in 
inundation frequency and duration also occurs due to high points (hummocks) and low points 
(hollows) in the tidal freshwater floodplain, and natural levees which often fringe the channel 
(Anderson and Lockaby 2007). The net N2 flux from the TFZ may also vary with inundation 
area: the channel and bank represent a relatively small area, while the floodplain represents a 
larger area. Floodplains could contribute significantly to DNF in the TFZ despite a shorter 
14 
 
period of inundation since they represent a larger area, and could have increased nitrate 
supply from nitrification due to longer periods of sediment exposure.   
 
The lag time is the time that elapses following floodplain inundation before 
conditions in the sediments become sufficiently reducing for denitrification. Denitrification 
has been shown to occur below redox potential values of 300 mV (Faulkner and Patrick 
1992). Ensign et al. (2008) measured the lag time in the Newport River, NC to be 4.6 hours 
by determining the time following inundation before redox potentials dropped below 300 
mV. The lag time to reducing conditions may vary between river systems, with sediments 
which are exposed for longer periods of time showing longer lag times (Ensign et al. 2008). 
Also, lag time can vary with sediment depth: sediments closer to the surface may have a 
longer lag time than deeper sediments (Ensign et al. 2008). A variety of factors could 
influence the lag time in the TFZ floodplain, such as temperature, availability of organic 
matter, bioturbation, and sediment and soil structure (Schimel et al. 1994, Gottschal 1986). 
The presence of anoxic microsites (Arah et al. 1990) could alter the lag time by allowing 
denitrification to occur in exposed sediments. Since a small variation in the lag time can have 
a major impact on the amount of time which reducing conditions are present, it is important 
to incorporate lag time into models of DNF in the TFZ.  
 
Finally, it is necessary to know the DNF rates, and understand how DNF varies 
spatially and temporally in the TFZ. Although DNF in the TFZ has received less research 
attention than most aquatic ecosystems (Megonigal and Neubauer 2009), many studies have 
directly measured rates of DNF in the TFZ (Table 1). Most of these studies examined DNF in 
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tidal freshwater marshes rather than tidal freshwater forested wetlands, with the exception of 
Ensign et al. (2008). Consistent with this pattern, Anderson and Lockaby (2007) suggested 
that biogeochemical processes in the TFZ have received less research attention in the 
forested section of the TFZ than tidal freshwater marshes. Temporal variability of DNF in the 
TFZ has been measured with fine resolution in the Newport River, NC (Ensign et al. 2008). 
Hopfensperger et al. (2009) compared DNF across plant communities and elevation in a tidal 
freshwater marsh adjacent to the Potomac River. Ensign et al. (2008) compared DNF 
between three habitats in the TFZ of the Newport River, NC: forest, mudflat, and emergent 
marsh. Cook et al. (2004) compared DNF between 3 sites along a transect from upstream to 
downstream in channel sediments of the tidal freshwater portion of the Bremer River. Greene 
(2005) and Merrill (1999) compared DNF between the marsh creek, low marsh, mid marsh, 
and high marsh in a tidal freshwater marsh. 
 
Review of DNF studies in the TFZ 
 
 
Table 1. Average denitrification (DNF) rates, habitat types, and scales of spatial and  
temporal variability for  studies of DNF in the tidal freshwater zone (TFZ).  
Reference Location
Riparian Zone 
Type DNF (µmol N m-2 hr-1)
Temporal 
Scale
Spatial 
Scale
Verhoeven et 
al. (2001)
Patuxent River, MD 
and the Netherlands
marsh and 
forest
mostly negligible, but 
up to 180 NA NA
Hopfensperger 
et al. (2009) Potomac River, MD
marsh and 
forest 56-214 seasonally
habitat type, 
elevation
Ensign et al. 
(2008) Newport River, NC forest 17-316 monthly habitat type  
Cook et al. 
(2004)
Bremer River, 
Australia
little native 
vegetation ~70-200 seasonally
upstream-
downstream
Gribsholt et al. 
(2006)
Schelde River, 
Belgium marsh   400-4000 seasonally NA
Merrill (1999) Patuxent River, MD marsh 0-59 seasonally elevation
Greene (2005) Patuxent River, MD marsh ~70-170 monthly elevation
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Although studies have examined spatial variability of DNF in the TFZ, more research 
is needed to provide more comprehensive coverage of spatial variability. Previous studies in 
tidal freshwater marshes have suggested that rates of DNF may increase with distance from 
the channel (Greene 2005, Merrill 1999), although studies which have concurrently measured 
rates of DNF in channel sediments and the adjacent riparian zone are rare, and are 
nonexistent in the case of tidal freshwater forested wetlands. Spatial variability in DNF with 
distance from the river channel might be expected due to variation in organic matter 
concentration, which typically increases with distance from the river channel since fine, 
organic matter-rich sediment particles settle out on the bank and floodplain as flow 
decreases. Also, productivity tends to be higher in more frequently exposed sediments, 
resulting in an increase in the organic matter supply with distance from the channel (Johnston 
1997). DNF has also rarely been compared between upstream and downstream sites in the 
TFZ, especially in the riparian zone. Furthermore, it is unclear how spatial variability at 
multiple scales may interact. For example, spatial patterns across the channel may differ 
between upstream and downstream sites. Finally, spatial variability of DNF needs to be 
examined across a broad range of tidal freshwater systems. Patterns of spatial variability 
could differ between TFZs with different nitrate availability or modes of nitrate delivery to 
denitrification (coupled vs. direct).  
 
The goal of this research was to improve our understanding of spatial variability of 
DNF in the forested region of the TFZ. We sought to answer the following questions:  
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• Does DNF differ between the channel, bank, and floodplain, or between upstream 
and downstream sites?  
• Are spatial patterns consistent between tidal freshwater rivers with different 
nitrate concentrations? 
• Are spatial patterns consistent between seasons? 
• Which factors control DNF in the TFZ (such as nitrate concentration, oxygen 
supply, and organic matter), and can these factors explain spatial variability or 
lack thereof?   
To answer these questions DNF rates were measured in the channel, bank, and 
floodplain at upstream and downstream sites of two rivers: the Newport River and the New 
River using membrane inlet mass spectrometry (MIMS). This provided a comparison of 
spatial variability in two tidal freshwater rivers with different nitrate regimes (the New River 
is nitrate rich compared to the Newport River). This research is useful for improving DNF 
models in the TFZ, and will help to assess the relative importance of the channel, the bank, 
and the floodplain as sites of DNF in the TFZ. 
 
 
 
 
 
 
 
 
  
MATERIALS AND METHODS 
 
Site Descriptions 
 
Spatial variation in DNF was studied in the forested tidal freshwater zone of two coastal 
rivers in Eastern North Carolina: the New River and the Newport River (Fig. 1). Table 2 
describes the morphological and watershed characteristics of the two rivers. One major 
difference between the rivers is in their land use: agricultural activities are intense in the 
upstream portion of the New River, while agricultural activities in the Newport River 
watershed are less intense than the New River. Two sites in the TFZ of each river were 
selected, one near the limit of tidal influence (S. Ensign, personal communication) and one 
further downstream, referred to as the upstream and downstream sites, respectively (Fig. 2). 
To select the downstream site, salinity was measured starting from the oligohaline zone while 
traveling upstream by boat during the fall of 2010. In the New River the furthest downstream 
location where salinity was < 0.5 PSU was chosen as the downstream site. In the Newport 
River, salinity extended far upstream into the TFZ, and most sites in the TFZ had salinity > 
0.5 PSU, so a downstream site with higher than 0.5 PSU salinity was selected (1.05 PSU). 
Both sites in the Newport River still are considered tidal fresh, since the average annual 
salinity remains below 0.5 PSU. One problem with this site selection method was that these 
sites did not encompass the full extent of the TFZ, although the upstream and downstream 
extent of the TFZ could vary from year to year due to fluctuations in salinity. In the Newport 
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River, the upstream and downstream sites were 1800 meters apart, and in the New River the 
sites were 10,000 meters apart. 
 
River Characteristics 
Characteristic Newport River New River 
River Output 
Newport River Estuary 
Atlantic Ocean at Beaufort 
Inlet 
New River Estuary 
Atlantic Ocean at New River 
Inlet 
Watershed Area 310 km21 243 km23 
TFZ Length 8 km1 15 km2 
TFZ Land Use mix of agriculture, urban, 
and forest 
Upstream - mainly intensive 
agriculture 
 
Downstream - mix of 
agriculture, urban activities, and 
forest 
Channel 
Gradient 
0.4 m km-11 0.3 m km-13 
 
Table 2. Characteristics of the New River and the Newport River, Eastern NC. TFZ = 
tidal freshwater zone. 
 
 
 
 
 
 
 
 
 
                                               
1
 Ensign et al. (2008) 
2
 Ensign et al. (In Review) 
3
 Sweet and Geratz et al. (2003) 
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Figure 1. New River and Newport River, Eastern NC. The tidal freshwater zone is 
highlighted in black, and the river watershed is outlined in dark gray. Courtesy of K. Siporin.  
21 
 
 
 
Figure 2. Upstream and downstream sampling sites (triangles) in the A) New River and 
B) Newport River, eastern NC. The tidal freshwater zone is highlighted in black, and the 
river watershed is outlined in dark gray. Courtesy of K. Siporin. 
 
 
B 
A 
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Sample Collection 
  
During the fall of 2010, and the winter, spring, and summer of 2011 sediment cores 
were collected from the New and Newport Rivers for DNF measurements using continuous 
flow-through incubations and membrane inlet mass spectrometry (Miller-way and Twilley 
1996, Kana et al. 1994). Sediment cores 12cm in length, and 6.4cm in diameter were 
collected in triplicate from the channel, bank, and floodplain in both the upstream and 
downstream sites in each river using PVC. In the New River, steep banks flanked the 
upstream site so no floodplain was present there. Cores were collected from as close to the 
center of the channel as possible from a boat, canoe, or by wading, using an extension device 
which kept the overlying water column intact (Gardner et al. 2009). The bank and floodplain 
sites were approximately 1.5 meters and 15 meters from the low tide channel, respectively. A 
water quality sonde (Yellow Springs Instruments) was used to measure the salinity and 
temperature at each site. Carboys of surface water from the river channel were collected from 
the upstream and downstream sites for continuous flow-through incubations.  
 
Continuous Flow-Through Incubation 
 
The cores were returned to the Institute of Marine Sciences, Morehead City, NC, and 
incubated using a continuous flow-through system in an environmental chamber set at the 
average of the ambient water temperatures between the upstream and downstream sites. 
Cores were submerged in surface water from either the upstream or downstream river 
channel and capped with gas tight tops equipped with sampling ports, yielding an overlying 
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water volume of approximately 400ml.  A peristaltic pump pulled water from upstream or 
downstream sites through the inlet port, and out through a tube 1 inch from the sediment 
surface. The inflowing water was aerated to prevent oxygen depletion. A flow rate of 1 ml 
minute-1 was used, which is in the range of flow rates which are typically used during MIMS 
(McCarthy et al. 2007). Previous experiments with the membrane inlet mass spectrometer 
used in this study have shown this flow rate to be applicable to a broad range of estuarine 
systems, both supplying enough new nitrate to the cores and preventing dilution of the N2 
signal (change in concentration of N2 due to DNF).  The optimum flow rate may be 
environment specific, and so it would have been useful to determine if increasing the flow 
rate would have improved accuracy of MIMS measurements in these tidal freshwater rivers. 
This flow rate yields a turnover time of approximately 6.7 hours. A pre-incubation period of 
18-24 hours prior to DNF measurements allowed equilibration of dissolved gases with the 
PVC and tubing, and allowed concentration gradients to reach steady state (Eyre et al. 2002). 
Steady state was determined to be reached when DNF measurements were constant over 
time. The DNF rate and the SOD were calculated as the flux of N2 and O2, respectively, 
where flux is calculated using the following equation (Miller-Way and Twilley et al. 1996): 
 
Flux = (Cout- Cin) x flow rate x core-area-1 
 
Cout and Cin are the concentration of N2 or O2 in the inflow and outflow water, respectively. 
Water blanks were used to account for fluxes due to water column processes, and fluxes from 
sediment cores were adjusted for water blanks when significant fluxes occurred in the water 
blanks. 
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Membrane Inlet Mass Spectrometry 
 
Inflow and outflow samples were collected by filling 5ml glass test tubes until 
overflowing, and capping the tubes so that no bubbles were present. Signals of N2, Argon 
(Ar), and O2 were measured using a Balzers Prisma QME 200 quadropole mass spectrometer 
(Pfeiffer Vacuum, Nashua, NH, USA). Argon is conservative and occurs naturally in water. 
The ratio of N2:Ar and O2:Ar was used to calculate the N2 and O2 concentrations, 
respectively (Kana et al. 1998). It was assumed that water samples were saturated with Ar, so 
standard gas saturation tables were used to obtain the argon concentration of samples (Lide 
2004), and the N2:Ar and O2:Ar ratios were multiplied by the Ar concentration to obtain the 
concentration of N2 and O2, respectively. Monitoring the N2:Ar ratio is more accurate than 
measuring the N2 signal alone. DNF measurements require precision of < 0.1% in order to 
measure small amounts of N2 production against a high background concentration of N2. The 
concentration of N2 in a sample can fluctuate due to changes in solubility with temperature, 
and these changes can be greater than the magnitude of the change in N2 due to DNF. The 
N2:Ar ratio, on the other hand, remains essentially constant with changes in temperature, with 
only slight alterations in the N2:Ar ratio due to solubility differences in N2 and Ar, allowing 
argon to act as a conservative tracer. Precision for measuring the N2:Ar ratio is <0.05%, and 
better than using the N2 signal alone (Laursen and Seitzinger et al. 2001). MIMS signals were 
calibrated using standards from a temperature controlled, air-equilibrated water bath.  
 
MIMS has an important advantage over the commonly used acetylene block technique: 
the acetylene block technique can inhibit coupled DNF (Seitzinger et al. 1993), resulting in 
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an underestimation of DNF, but MIMS does not inhibit coupled DNF. Furthermore, MIMS 
allows measurements of DNF using intact cores, keeping the sediment environment closer to 
in situ conditions.  
 
Even so, numerous problems exist with MIMS. First, DNF measurements using MIMS 
can be invalidated when bubbles are produced. Nitrogen is less soluble than oxygen or argon 
in water, so bubbles cause the N2:Ar ratio to change. To prevent bubble production, the 
sediment cores were incubated in the dark, and cores with many small bubbles or a large 
bubbles 3mm or greater in size were thrown out from the experiment (Eyre et al. 2002). A 
second disadvantage to using MIMS is that the N2 flux is influenced by other processes 
besides DNF, including nitrogen fixation and anammox. Still, anammox and nitrogen 
fixation would not be expected to represent a large portion of the change in N2, so it is 
reasonable to assume that the N2 flux is due to DNF only. MIMS assumes steady state, which 
requires a pre-incubation period. This is especially problematic for studying DNF in tidal 
freshwater environments, because MIMS can only be used to measure steady state rates 
under flooded conditions, but in reality DNF rates in the riparian zone may change over a 
tidal cycle. DNF could change over a tidal cycle as the availability of anaerobic sites and the 
rate of nitrification changes with sediment redox conditions. DNF could be higher 
immediately following floodplain inundation, due to an increased supply of nitrate from 
nitrification at low tide, but this spike in nitrate may be depleted before DNF measurements 
are made with MIMS, since a 24 hour pre-incubation is required. Finally, MIMS is capable 
of measuring DNF in only the top few centimeters of sediment, so if reducing conditions, 
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nitrate, and high quality organic matter were present below this depth, MIMS can 
underestimate integrated rates of sediment DNF. 
 
Fluxes of NOx (NO3- + NO2-), ammonium (NH4+), phosphate (PO3), dissolved organic 
nitrogen (DON), and total dissolved nitrogen (TDN) were also measured. Inflow and outflow 
samples were filtered through Whatman GF/F filters (25mm diameter, 0.7 um nominal pore 
size), and the filtrate was measured on a Lachat Quick-Chem 8000 nutrient autoanalyzer 
(Lachat Instruments, Milwaukee, WI). DON was calculated as the difference between TDN 
and dissolved DIN. Fluxes of NOx were used to estimate the percentage of DNF which was 
coupled to nitrification, by assuming that DNF was direct up to the point where it was 
supported by a flux of nitrate into the sediments, and that the remainder of DNF was coupled 
to nitrification. Fluxes of NOx, NH4+, and the SOD were also used to calculate rates of DNF 
using a stoichiometric approach to compare with MIMS measurements (Groffman et al. 
2006, Fennel et al. 2009). For this calculation, the ratio of C:N of organic matter was 
assumed to follow the Redfield ratio (Groffman et al. 2006) and the ammonium adsorption 
coefficient was assumed to be equal to 1. 
  
Upon completion of the experiment, the top centimeter of sediment and organic material 
was collected. These samples were dried for 3 hours at 105°C, and combusted at 525°C for 3 
hours, and the organic matter quantity was calculated by loss on ignition (LOI), the percent 
change in weight between the dry and combusted sample (Schulte and Hopkins 1996). It was 
assumed that the quantity of organic matter in the top layer of sediment reflects the supply of 
carbon available to denitrifiers, although depending on the depth interval of DNF the organic 
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matter measurements may not have always coincided with the interval where DNF occurred. 
Also, percent organic matter reflects the organic matter quantity, but not necessarily organic 
matter quality, since it does not account for differences in the lability of organic matter 
sources. 
 
Estimation of Total N2 Flux 
 
The total N2 flux over a tidal cycle in the TFZ is the product of the DNF rates, the lag 
time, and the area inundated during a tidal cycle. The total N2 flux from the channel and 
riparian zone in the TFZ was calculated during each season using the average DNF rates 
measured in this study during each season, and the inundation area, which was calculated 
using data from Ensign et al. (In Review). Ensign et al. (In Review) reported the minimum 
and maximum extent of inundation over the course of a day (the range of the inundation area) 
for one lunar month in the TFZ of both the New and Newport River, where the inundation 
area only included land which had been inundated for at least 4.6 hours, the lag time to DNF 
(Ensign et al. 2008). Inundation area was measured by combining water level measurements 
using water level loggers and a topographic model of the riparian zone using geographic 
information software and Light Image Detection and Ranging (LIDAR) data. Range in 
inundation area was reported from December 2009 to January 2010 in the Newport River, 
and from May 2010 to June 2010 in the New River. The inundation data was collected in the 
Newport River during a period of high precipitation, which resulted in permanent inundation 
of much of the upper river riparian zone, although the extent of floodplain inundation still 
varied over the tidal cycle. In the New River, some of the upper river floodplain was also 
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permanently inundated much of the time due to storm events. To approximate the total 
inundated area per day in the riparian zone, it was assumed that the riparian zone had a 
constant inundation area equal to the average of the maximum and minimum inundation 
extents over the course of the month. Ensign et al. (In Review) reported inundation data from 
both the upper and lower river, but inundation area could not be distinguished between the 
bank and floodplain using these data. The channel area was estimated using Google EarthTM 
(Google Earth 2011), and DNF was assumed to occur continuously in the channel sediments. 
The estimated inundation area per day was multiplied by the average DNF rate during each 
season to calculate the total N2 flux per day from the lower river riparian zone, upper river 
riparian zone, and the channel during the fall, winter, spring, and summer in each river. 
These estimates were used to calculate the percentage of nitrogen loading to the TFZ 
removed by DNF. Nitrogen loading was calculated by multiplying the concentration by 
discharge. Discharge data were obtained from a USGS gauge station in the New River at 
Gum Branch, but no discharge data were available for the Newport River, so this calculation 
could only be performed in the New River. 
 
Statistical Analysis 
 
Statistical analyses were performed using R (R Development Core Team 2011). Linear 
regression was used to test for a relationship between DNF and SOD, and DNF and organic 
matter. Spatial variation in DNF, organic matter, and SOD were tested using 2-way ANOVA 
for each season. For the New River, 2-way ANOVA including the floodplain was not 
possible since no floodplain was present upstream, so, the analyses was performed using only 
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the channel and bank locations, and a 1-way ANOVA was used to test for a difference in 
DNF rates between the channel, bank, and floodplain at the downstream site. Normality and 
homoscedasticity were tested visually and using statistical tests prior to analyses. In the case 
where non-normal data were present, data were transformed to normality, or a non-
parametric test was used: 2-way ANOVA on ranks with a Scheirer-Ray-Hare extension of 
the Kruskal-Wallis was used as a substitute for 2-way ANOVA (Scheirer et al. 1976), and the 
Spearman Rank Correlation coefficient was calculated as a substitute for the Pearson 
correlation in the case of regression. Tukey's Test for Honest Significance Difference (Tukey 
HSD) was used as a post hoc test for ANOVA. In the case where interaction was present, 1-
way ANOVA with a Bonferroni correction was used as a post-HOC test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
RESULTS 
 
Site Characteristics 
 
In the New River, the percent organic matter at the upstream site ranged from 0.3% 
(measured in the bank) to 29.3% (measured in the channel), while in the downstream site 
percent organic matter ranged from 8.5% (measured in the channel) to 49.5% (measured on 
the floodplain). The average percent organic matter across all seasons was 3% upstream and 
21% downstream. The percent organic matter was significantly higher downstream than 
upstream during all seasons (Fig. 3A; 2-way ANOVA, Fall: P = 0.048, Winter: P = 0.00020; 
Scheirer-Ray-Hare, Spring: P = 0.0012, Summer: P = 0.0039). The percent organic matter in 
the New River did not differ significantly between the channel, bank, and floodplain during 
the fall at either the upstream or downstream site. During the winter, organic matter was 
significantly higher on the floodplain than the channel (1-way ANOVA, P = 0.019; Tukey 
HSD, floodplain-channel: P = 0.017). During the spring and summer, organic matter was 
highest on the floodplain (Spring: 1-way ANOVA, P = 0.0026; Tukey HSD, floodplain-bank: 
P = 0.0085, floodplain-channel: P = 0.0028; Summer: 1-way ANOVA, P = 0.0030; Tukey 
HSD, floodplain-bank: P = 0.033, floodplain-channel: P = 0.0021).  
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Spatial Variability in Organic Matter  
 
 
Figure 3. Spatial variability in percent organic matter between the channel, bank, and 
floodplain, and upstream and downstream sites in the A) New River, and B) Newport River. 
Error bars show the standard error (N = 3). A star below the axis indicates significantly 
higher rates at the upstream or downstream during one or more seasons (listed in bold). 
Letters indicate significant differences between the channel, bank, and                              
floodplain, where A is higher than B, and sites with shared letters were not significantly 
different. No floodplain was present upstream in the New River.  
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In the Newport River, the percent organic matter at the upstream site ranged from 
4.2% (measured in the channel) to 43.3% (measured in the floodplain), and at the 
downstream site percent organic matter ranged from 6.5% (measured in the channel) to 
23.7% (measured in the floodplain) (Fig. 3B). Percent organic matter did not differ between 
upstream and downstream during the winter, spring, or summer (2-way ANOVA, P > 0.05). 
During the fall, percent organic matter was higher upstream than downstream (2-way 
ANOVA, P=0.0036). Percent organic matter varied between the channel, bank, and 
floodplain each season in the Newport River. During the fall, the percent organic matter was 
higher in the bank and floodplain than the channel (2-way ANOVA, P = 0.00082; Tukey 
HSD, floodplain-channel: P = 0.0015, bank-channel: P = 0.0044 ). During the winter, at the 
upstream site the floodplain had higher percent organic matter than the bank and channel (1-
way ANOVA, P = 0.0071; Tukey HSD, floodplain-bank: P = 0.010, floodplain-channel: P = 
0.0013), and at the downstream site the floodplain had a higher percent organic matter than 
the channel only (2-way ANOVA, P = 0.0019; Tukey HSD, P =0.0015 ). During the spring, 
the percent organic matter was higher on the floodplain than the bank and channel (2-way 
ANOVA, P < 0.0001; Tukey HSD, P < 0.0001).  In the summer, at the downstream site 
percent organic matter was higher on the floodplain than the bank and channel (1-way 
ANOVA with Bonferroni Correction, P = 0.00093; Tukey HSD, floodplain-bank: P = 
0.00090, floodplain-channel: P = 0.0050), but no spatial difference occurred upstream (1-way 
ANOVA with Boferroni Correction, P > 0.025). 
 
The NOx concentration in the New River ranged from 76 µM to 135 µM (Table 3). 
The average NOx concentration was 122.5 µM and 89.6 µM at the upstream and downstream 
33 
 
sites, respectively, and this difference was significant (T-Test, P = 0.020). In the Newport 
River, the NOx concentration was approximately 3 µM at the upstream site during the winter, 
spring, and summer, but peaked in the fall at approximately 8 µM. At the downstream site, 
the NOx concentration was approximately 3 µM during the winter and spring, but peaked in 
the fall and summer at about 20 µM. Ammonium concentrations ranged from 0.2 µM to 6.2 
µM in the New River, and from 0.7 to 3.5 µM in the Newport River.  
 
Nutrient Concentrations 
River Season Site NOx (µM) NH4+ (µM) 
New River Fall upstream 106.4 0.2 
downstream 76.4 0.8 
Winter upstream 135.0 6.2 
downstream 89.3 5.8 
Spring upstream 110.0 1.3 
downstream 92.9 1.8 
Summer upstream 138.6 2.4 
downstream 100.0 2.8 
Newport River Fall upstream 8.1 1.9 
downstream 19.6 1.2 
Winter upstream 3.3 1.9 
downstream 3.3 3.5 
Spring upstream 2.2 1.7 
downstream 3.0 2.6 
Summer upstream 2.9 0.7 
downstream 21.9 0.7 
 
Table 3. NOx (nitrate + nitrite) and NH4+ concentrations at upstream and downstream sites 
during the fall, spring, winter, and summer, in the New River and Newport River, eastern 
NC. 
 
 Salinity in the two rivers remained below 0.5 PSU during most seasons, but 
occasionally rose above 0.5 PSU (Table 4). In the New River salinity rose above 0.5 PSU 
during the summer at the downstream site, but was fresh the remainder of the year. In the 
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Newport River salinity was 1.05 PSU during the fall at the downstream site, 0.62 PSU at the 
upstream site during the summer, and 3.15 PSU at the downstream site during the summer.  
 
Salinity 
 
 
Table 4. Salinity in surface water used during continuous flow-through incubations at 
upstream and downstream sites in the New River and Newport River during the fall, winter, 
spring, and summer. 
 
    
The sediment oxygen demand (SOD) peaked in the New River during the fall with an 
average rate of 1292 µmol O2 m-2 hr-1, and was followed by the summer (875 µmol O2 m-2 hr-
1), spring (712 µmol
 
O2 m-2 hr-1), and winter (153 µmol O2 m-2 hr-1) (Fig. 4). In the Newport 
River, the average SOD was highest in the summer (1239 µmol
 
O2 m-2 hr-1), followed by the 
fall (863 µmol
 
O2 m-2 hr-1), spring (369 µmol O2 m-2 hr-1), and winter (180 µmol O2 m-2 hr-1) 
(Fig. 4). SOD was significantly higher in the New River than the Newport River during the 
fall and spring (Mann-Whitney Test, Fall: P = 0.0020, Spring: P < 0.0001). In the summer, 
River Season Site Salinity (PSU)
New River Fall Up 0.2
Down 0.2
Winter Up 0.1
Down 0.1
Spring Up 0.2
Down 0.2
Summer Up 0.2
Down 1.6
Newport River Fall Up 0.2
Down 1.1
Winter Up 0.0
Down 0.1
Spring Up 0.0
Down 0.1
Summer Up 0.6
Down 3.2
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SOD was significantly higher in the Newport River than the New River (T-Test, P = 0.0062). 
There was no significant difference in SOD between the two rivers during the winter (T-Test, 
P > 0.05). SOD was similar between the channel, bank, and floodplain, and upstream and 
downstream sites in the New River during all seasons (2-way ANOVA, p > 0.05). There was 
no spatial difference in SOD in the Newport River during the fall or spring (2-way ANOVA, 
p > 0.05), but during the winter, SOD was higher upstream than downstream (2-way 
ANOVA, P = 0.035). Also, during the spring, SOD was higher upstream than downstream, 
but only in the floodplain (1-way ANOVA, P = 0.0079).  
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            Spatial Variability in SOD                   
 
Figure 4. Spatial Variability of sediment oxygen demand (SOD) during the fall, winter, 
spring, and summer, in the A) New River, and B) Newport River. Error bars show the 
standard error (N = 3). A star below the axis indicates significantly higher rates at the 
upstream or downstream site during one or more seasons (listed in bold). Letters indicate 
significant differences between the channel, bank, and floodplain, where A is higher than B, 
and sites with shared letters were not significantly different. No floodplain was present 
upstream in the New River.  
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Denitrification 
             
The average DNF rates in the New River were 248 µmol N
 
m
-2
 hr-1, 180 µmol N
 
m
-2
 
hr-1, 123 µmol N
 
m
-2
 hr-1, and 35 µmol N
 
m
-2
 hr-1 in the fall, summer, spring, and winter, 
respectively (Fig. 5A). The highest average DNF rate in the Newport River occurred during 
the summer (161 µmol N
 
m
-2
 hr-1), followed by the fall (147 µmol N
 
m
-2
 hr-1), the spring (37 
µmol N
 
m
-2
 hr-1), and the winter (36 µmol N
 
m
-2
 hr-1) (Fig. 5B). The DNF rate was similar in 
the New River and the Newport River during the winter (Mann-Whitney-Test, P > 0.05) and 
summer (T-test, P > 0.05), but the DNF rate was higher in the New River during the fall and 
spring (Mann-Whitney-Test, P < 0.0001). 
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                                                      Spatial Variability in DNF        
 
Figure 5. Spatial Variability of denitrification (DNF) during the fall, spring, winter, and 
summer, in the A) New River, and B) Newport River. A star below the axis indicates 
significantly higher rates at the upstream or downstream site during one or more seasons 
(listed in bold). Error bars show the standard error (N = 3). Letters indicate significant 
differences between the channel, bank, and floodplain, where A is higher than B, and sites 
with shared letters were not significantly different. No floodplain was present upstream in the 
New River.  
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In the New River the DNF rates did not significantly differ between the channel, 
bank, and floodplain or between the upstream and downstream site during the fall, winter, 
and summer (2-way ANOVA, P > 0.05). During the spring, the DNF rate was higher in the 
downstream bank and channel than the upstream bank and channel (2-way ANOVA, P = 
0.039). In the Newport River, the DNF rate did not differ significantly between the channel, 
bank, and floodplain, or between the upstream and downstream site during the fall or summer 
(2-way ANOVA, p > 0.05). During the winter, the DNF rate was higher upstream than 
downstream (2-way ANOVA, P = 0.0053). The DNF rate in the spring was higher in the 
floodplain than the bank and channel, but only upstream (ANOVA, P = 0.012; Tukey HSD, P 
< 0.025). There was a trend of lower DNF rates in the channel, and higher rates in the bank 
and floodplain during the fall and summer at the upstream site, although these differences 
were not statistically significant. 
 
To model the N2 flux from the TFZ, DNF rates were averaged between sites during 
each season due to a general lack of significant differences between sites. The total N2 flux 
from the TFZ in the New River ranged from 6.6 Kg N per lunar day during the winter to 46.9 
kg N per lunar day during the fall (Fig. 6A). The total flux of N2 from the TFZ in the 
Newport River ranged from 12.5 Kg N per lunar day during the winter to 55.7 Kg N per 
lunar day during the summer (Fig. 6B). In the New River, the upper river riparian zone, the 
lower river riparian zone, and the channel represented 30.8%, 5.4%, and 63.8% of the total 
N2 flux, respectively. DNF in the New River removed 138%, 2.8%, 14.5%, and 115.8%  of 
the NOx load at the upstream site during the fall, winter, spring, and summer, respectively. In 
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the Newport River, the upper river riparian zone, the lower river riparian zone, and the 
channel represented 64.5%, 3.9%, and 31.6% of the total N2 flux, respectively. 
                Flux of N2 from the TFZ        
 
 
Figure 6. Estimated N2 flux per lunar day from the tidal freshwater zone in the lower river 
floodplain, upper river floodplain, and the channel: A) New River; B) Newport River. 
Inundation area was estimated using data from Ensign et al. (In Review), and denitrification 
rates were the seasonal average DNF rate for each river measured in this study. 
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Relationship between DNF and Controlling Factors 
 
In the New River, DNF showed a significant, positive correlation with percent 
organic matter during the fall (Regression, P = 0.014, r2 = 0.38, Fig. 7). In the Newport 
River, DNF increased with percent organic matter during the fall and winter (Regression, 
Fall: P = 0.004, r2 = 0.43, Winter: P = 0.0027, r2 = 0.44, Fig. 8).  
 
Organic Matter and DNF: New River 
 
Figure 7. Regression between denitrification (DNF) and percent organic matter (measured as 
% loss on ignition) in the New River during the fall, winter, spring, and summer.  
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Organic Matter and DNF: Newport River 
 
Figure 8. Regression of denitrification (DNF) and percent organic matter (measured as % 
loss on ignition) in the Newport River during the fall, winter, spring, and summer. During the 
fall a Spearman Rank Correlation was performed instead of regression. 
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0.81, slope = 0.13, Fig. 11). The seasonal average of SOD was also positively correlated to 
the seasonal average of DNF (Regression, r2 = 0.79, P = 0.0031, Fig. 12). 
 
SOD and DNF: New River 
 
Figure 9. Regression between denitrification (DNF) and sediment oxygen demand (SOD) in 
the New River during the fall, winter, spring, and summer.  
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SOD and DNF: Newport River 
 
Figure 10. Correlation between denitrification (DNF) and sediment oxygen demand (SOD) in 
the Newport River during the fall, winter, spring, and summer.  
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               Comparison of SOD-DNF Relationship Between Rivers 
 
 
Figure 11. Correlation between denitrification (DNF) and sediment oxygen demand (SOD) in 
the New River (x's) and the Newport River (triangles).  
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DNF vs. SOD (Seasonal Averages) 
 
Figure 12. Regression of average rate of denitrification (DNF) and SOD in the New 
(triangles) and Newport River (squares) during the fall (red), winter (blue), spring (green), 
and summer (orange). Error bars show the standard error (N = 15-18). 
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to DNF. Fluxes of ammonium in the New River were variable in direction and were usually 
small in magnitude, although a large negative flux of ammonium occurred at the upstream 
bank during the summer. In the Newport River the NOx flux was typically small in 
magnitude relative to DNF, and the direction of NOx flux was extremely variable (Fig. 16). A 
large positive flux of nitrate was observed in one case only, during the summer at the 
downstream channel. Ammonium fluxes were also typically small in the Newport River, 
although the flux was relatively large and negative in a few cases, including the channel 
downstream during the fall, the channel and bank downstream during the summer, and at the 
upstream floodplain during the summer. 
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Relationship Between NOx and DNF 
 
 
Figure 13. Relationship between the NOx (nitrate + nitrite) concentration and denitrification 
(DNF) in the A) New River and B) Newport River. DNF rates are averages from each season 
(fall, spring, summer, winter), and include data from both upstream and downstream sites. 
Error bars show the standard error (N = 6-9). 
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               Coupled DNF             
 
Figure 14. Percentage of denitrification (DNF) which was coupled to nitrification in the New 
and Newport River. Coupled DNF was assumed to include any DNF which was not 
accounted for by a flux of nitrate into the sediment. Letters indicate a significant difference 
between the two rivers, where A is higher than B. Error bars show the standard error (N = 15-
18). 
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DNF and Nutrient Fluxes, New River        
 
 
Figure 15. Fluxes of N2 (the denitrification rate, DNF), NOx (nitrate + nitrite), and NH4+ 
(ammonium) in the channel, bank, and floodplain in the New River. Positive fluxes of NOx 
and NH4+ represent a flux into the sediment, and negative fluxes represent a flux out of the 
sediment. Error bars show the standard error (N = 3).  
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               DNF and Nutrient Fluxes, Newport River     
 
Figure 16. Fluxes of N2 (the denitrification rate, DNF), NOx (nitrate + nitrite), and NH4+ 
(ammonium) in the channel, bank, and floodplain in the Newport River. Positive fluxes of 
NOx and NH4+ represent a flux into the sediment, and negative fluxes represent a flux out of 
the sediment. Error bars show the standard error (N = 3). 
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the winter and summer were removed, the correlation improved (Regression, P < 0.0001, R2 
= 0.68). There was no significant difference between the two approaches during individual 
seasons though (Mann-Whitney Test, Fall: P = 0.26; Winter: P = 0.89; Spring: P = 0.056; 
Summer: P = 0.16). In the Newport River the correlation between DNF and the 
stoichiometric calculations was also weak (Regression, P < 0.0001, R2 = 0.30, Fig. 18). 
Unlike the New River, the correlation in the Newport River did not show any major 
improvement when selecting only certain seasons. The average of all DNF measured using 
MIMS in the Newport River, 95 µmol N m-2 hr-1, was significantly higher than the average of 
DNF from stoichiometric calculations, 46 µmol N m-2 hr-1. DNF measured using MIMS was 
also significantly higher than stoichiometric calculations during all seasons except the spring 
(Mann-Whitney Test, Fall: P < 0.0001; Winter: P = 0.0020; Spring: P = 0.58; Summer: P = 
0.00057).  
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Comparison of MIMS DNF and Stoichiometric DNF 
 
Figure 17. Regression of DNF measured using membrane inlet mass spectrometry (MIMS) 
and of DNF from stoichiometric calculation. Line of best fit is shown in the New River 
including data from all seasons, as well as data from only the fall and spring. 
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Fig. 17). The regression analysis included the data from both rivers. Low rates of DNF 
occurred in both rivers when the temperature was low during the winter. Surprisingly though, 
the DNF rates in the Newport River were similar in the winter and the spring, even though 
the incubation temperature during the spring was much higher. SOD was also positively 
correlated with temperature (Regression, r2 = 0.91, P = 0.00022, data not shown). 
 
Impact of Temperature on DNF  
 
Figure 18. Regression of the seasonal average of denitrification (DNF) and the incubation 
temperature (average of the ambient water temperatures between the upstream and 
downstream sites). Triangles and squares are from the New River and Newport River, 
respectively (this experiment). Gray circles are from Ensign et al. (2008) from the Newport 
River. Red = summer, blue = winter, green = spring, and orange = summer. Error bars show 
the standard error (N = 15-18). Regression includes data from this study only. 
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DISCUSSION 
 
This study compared the rates of DNF between upstream and downstream sites and 
between the channel, bank, and floodplain in the tidal freshwater forested portion of two 
rivers with different nitrate regimes. In general, there were not significant differences in DNF 
between upstream and downstream or between the channel, bank, and floodplain, suggesting 
that rates of DNF were of a comparable magnitude between all sites. The estimation of the 
N2 flux due to DNF from the TFZs suggested that the permanently inundated river channel 
represented a significant portion of N2 flux. SOD was an important controlling factor for 
DNF in both rivers, but the relationship was typically stronger in the New River. Despite 
significant spatial variation in percent organic matter, DNF did not typically vary as a 
function of percent organic matter. DNF rates varied seasonally, and were higher in the New 
River than the Newport River during the spring and fall.  
 
Previous studies have documented a wide range of DNF rates in TFZ sediments, from 
negligible rates in a study by Verhoeven et al. (2001), to moderate rates of 123 µmol N
 
m-2 
hr-1 in a tidal freshwater forested river (Ensign et al. 2008) and 147 µmol N
 
m-2 hr-1 in a tidal 
freshwater marsh (Hopfensperger et al. 2009), to high rates of 400-4000 µmol N
 
m-2 hr-1 in a 
tidal freshwater marsh (Gribsholt et al. 2006). Greene et al. (2005) found a mean rate of 120 
µmol N
 
m-2 hr-1 in a tidal freshwater marsh, and reported that the mean rate of DNF in the 
literature for other types of aquatic environments was lower (75 µmol N
 
m-2 hr-1)
.  
In this 
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study, the mean rate of DNF in the New River (148 µmol N
 
m
-2
 hr-1) was also higher than the 
literature mean, while the mean rate of DNF in the Newport River  (94 µmol N
 
m
-2
 hr-1) was 
more similar to other aquatic environments. It should be taken into account that unlike this 
study many studies do not measure winter rates of DNF, and including seasons where DNF is 
relatively inactive influences the mean rate. Removing the winter data yields a mean of 116 
and 185 µmol N m-2 hr-1 in the Newport River and the New River, respectively. Although the 
rates of DNF reported for the TFZ in this study and others do not necessarily show that the 
TFZ is a hotspot for DNF relative to other aquatic environments, tidal freshwater sediments 
clearly are often reactive sites for DNF.  
 
Spatial Variability of DNF 
 
In this study, DNF was similar between the channel, bank, and floodplain, and 
between upstream and downstream sites. Previous studies have also documented similar rates 
of DNF in the TFZ regardless of habitat or elevation: Ensign et al. (2008) did not observe any 
significant difference in DNF rates between forest, emergent marsh, and mudflat habitats in 
the Newport River, and Hopfensperger et al. (2009) found that DNF did not vary with plant 
community composition or elevation in a tidal freshwater marsh. Cook et al. (2004) found 
similar rates of DNF between three sites in channel sediments of the tidal portion of the 
Bremer River. This study also found no difference in DNF between upstream and 
downstream sites in the TFZ in most cases, and extended the analysis at this scale to the 
riparian zone. 
  
57 
 
The lack of significant difference in the DNF rate between the riparian zone and the 
channel in most cases in this study contrasts with previous comparisons of the riparian zone 
and channel. For example, Greene (2005) found significantly lower rates of DNF in the 
marsh creek than the high marsh. Hopfensperger et al. (2009) found lower rates of DNF in 
the Potomac River than the adjacent marsh, although DNF was not measured in the marsh 
and river during the same seasons, limiting the comparison. Merrill et al. (1999) observed an 
increase in rates of DNF with distance from the channel during one season, although the 
increase was small, and rates of DNF were small or below detection during most seasons.  
 
Although DNF rates between the channel sediments and the riparian zone were not 
usually statistically distinguishable in this study, there was some evidence for spatial 
differences at the upstream site of the Newport River. DNF was significantly higher in the 
floodplain than the channel upstream during the spring, although the rate was only slightly 
higher, which would limit the impact of this spatial variability on the net N2 flux from the 
TFZ. Rates of DNF increased with distance from the channel during the fall and summer, 
although this trend was not statistically significant. This suggests that spatial variability may 
differ between upstream and downstream sites in the Newport River. Still, the lack of 
significant differences in DNF across elevations and between sites suggests that the channel 
has an equal potential to the riparian zone for denitrification in both the New and Newport 
River TFZ. Although the patterns of spatial variability in DNF in these TFZs do not reflect 
all tidal freshwater rivers, this detailed comparison of the riparian zone and the channel in 
two tidal freshwater river systems with different nitrate regimes provided insights into 
mechanisms controlling spatial variability of DNF in the TFZ. 
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The similarity in DNF rates between the riparian zone and the channel is important 
because unlike the riparian zone the channel is permanently inundated, so DNF has the 
potential to occur continuously. To estimate net N2 fluxes from the TFZ, the DNF rate in the 
channel and riparian zone were assumed to be equivalent (DNF was averaged across all sites 
during each season), which was a reasonable assumption given that DNF did not usually 
differ significantly between sites. The analysis of system-wide N removal using existing 
inundation data (Ensign et al. In Review) revealed that the channel represented a significant 
sink for N2 in both rivers. In the New River, the channel represented a greater proportion of 
the net N2 flux than both the upper and lower river riparian zones combined. The inundation 
data were collected during high flow conditions in the Newport River, which caused a large 
proportion of the upper river riparian zone to be permanently inundated. As a result, the 
upper river riparian zone of the Newport River contributed more to the net N2 flux than the 
channel. These estimates of the N2 flux did not take into account changes in the inundation 
area seasonally with discharge. Therefore, the net N2 flux was likely overestimated or 
underestimated during some seasons, and this model was not capable of showing how the 
relative importance of the channel and riparian zone changes seasonally. Finally, the model 
assumed that the lag time for DNF in the riparian zone was 4.6 hours, but variation in the lag 
time could occur seasonally or between sites. If sediments in the riparian zone were poorly 
drained at low tide, or if anoxic microsites were present in exposed sediments, DNF could 
have occurred continuously on the floodplain, so this model may have underestimated the 
amount of the N2 flux from the riparian zone.  
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The percentage of the incoming nitrate load removed by DNF in the New River 
ranged from 3 to 138% in the winter and fall, respectively, and this variation was a function 
of seasonal changes in the DNF rate and in the incoming nitrate load. Despite moderate rates 
of DNF during the spring, DNF only removed 15% of the incoming nitrate load due to high 
flow. The timing of high rates of DNF and highest N loads were offset at times, such as 
during the winter when nitrate loading was high due to high precipitation, but rates of DNF 
were lowest. A lack of seasonal inundation data is a major limitation of these percentage 
removal calculations, as seasonal variation in flow also affects the extent of inundation. It is 
important to note that this calculation does not take into account residence time, which 
affects the amount of time DNF can act to remove N in the TFZ before being nitrogen is 
exported downstream. These results suggest that DNF can act as an important sink for N 
during some seasons. It is possible that DNF in the New River is one factor which results in 
the decline in nitrate concentration of between 16-34% from the upstream to the downstream 
section of the TFZ. 
 
Nutrient Fluxes 
 
The NOx flux data suggested that DNF was primarily direct in the New River, 
although coupled DNF still contributed a significant portion of the nitrate supply, and varied 
in importance between seasons and between sites. In the New River during the summer and 
winter, NOx fluxes were low relative to DNF upstream, but similar to DNF downstream. This 
could have occurred if nitrification rates were higher upstream, causing a reduction in the 
demand for water column nitrate, but it is unclear why nitrification would have differed 
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between sites. During the winter, NOx fluxes were often negative, suggesting that 
nitrification rates were higher than DNF rates. Cold temperatures may have reduced the rate 
of DNF to the point where nitrification was able to supply all the nitrate needed. High 
positive fluxes of nitrate relative to DNF during the winter in the New River at the 
downstream bank and floodplain sites suggest the presence of another source of nitrate 
demand, such as dissimilatory nitrate reduction to ammonium (DNRA) or algal uptake. 
Although algal uptake is a possibility, this is unlikely given that cores were incubated in the 
dark. It is possible that these fluxes represent an increase in the importance of DNRA with 
colder temperatures, although previous studies have shown varied responses in the relative 
importance of DNRA and DNF to temperature, so there is not strong evidence for this. For 
example, Kelly-Gerreyn et al. (2001) found that DNRA was more important than DNF at 
temperatures below 14°C and above 17°C, while Gruca-Rokosz et al. (2009) found that the 
relative importance of DNRA was positively correlated to temperature. Also, DNRA should 
have caused a flux of ammonium out of the sediments, which was not observed, so the cause 
for these fluxes of nitrate during the winter remains unclear. 
 
In the Newport River, fluxes of NOx were small and variable in direction, suggesting 
that DNF was mainly coupled in most cases. Since the flux of ammonium was never high 
and positive, nitrification did not appear to be fueled by ammonium diffusion from the water 
column, but may have been fueled by porewater ammonium, ammonium adsorbed to the 
sediment, or ammonification. Direct DNF was important in a few cases in the Newport 
River. For example, direct DNF represented approximately 70% and 49% of DNF in the 
channel and bank, respectively at the downstream site during the summer. Nitrification may 
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have been lower than usual in these cases, resulting in an increased demand for water column 
nitrate. The negative ammonium fluxes at the downstream site may suggest lower 
nitrification, since a reduction in the consumption of ammonium by nitrification could have 
increased efflux of ammonium to the water column. Alternatively, a reduction in the flux of 
ammonium out of the sediments along with a reduction in the flux of nitrate into the 
sediments could indicate DNRA was occurring at the downstream site. 
 
The strong correlation between the stoichiometric calculations and DNF from MIMS 
showed that at times both techniques provided similar DNF rates. The lack of correlation in 
the winter and summer suggests that one of the techniques is over-estimating or 
underestimating DNF during the fall and winter. The large fluxes of NOx into the sediment 
during the winter in the New River could not be explained, and resulted in large DNF rates 
calculated using the stoichiometric technique during the winter. DNF rates of between 400-
500 µmol N
 
m-2 hr-1 are extremely unlikely at such cold temperatures, suggesting that the 
stoichiometric technique was not a good predictor of DNF during the winter. In the Newport 
River, the there was not a clear explanation as to why the stoichiometric calculations were lower 
than MIMS measurements in most cases. Future research should focus on explaining the lack of 
relationship between these techniques in the Newport River. If the C:N ratio of organic 
matter in these rivers is not equal to the Redfield ratio, the stoichiometric technique may 
overestimate or underestimate DNF. Therefore, C:N measurements would be useful to help 
explain the poor correlation between the two approaches for measuring DNF.  
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Nitrate 
 
Given that direct DNF appears to be dominant in the New River, a lack of significant 
difference in DNF between the upstream and downstream sites despite higher NOx 
concentrations upstream is puzzling. This suggests that the concentrations of NOx are high 
enough at both sites so that nitrate is not limiting. Differences in nitrate concentrations 
between upstream and downstream did not affect DNF in the Newport River either. For 
example, DNF was similar between upstream and downstream during the summer despite 
lower nitrate concentrations upstream. Although there was a positive correlation between 
nitrate concentration and DNF, this was an artifact, because there were higher concentrations 
of nitrate in the Newport River during the warmest seasons. The lack of control of DNF by 
the water column nitrate concentration in the Newport River is not surprising given that 
nitrification appeared to be the main source of nitrate to DNF. DNF in the Newport River did 
not usually appear to utilize water column nitrate despite the ample supply of nitrate in the 
water column, which may suggest factors other than nitrate supply limited DNF.  
 
The lack of significant differences in DNF despite differences in nitrate 
concentrations in both rivers may suggest that DNF was saturated with nitrate. Bernot and 
Dodds (2005) showed that the response of DNF to nitrate concentration can follow Michaelis 
Menten kinetics, consisting of a hyperbolic increase in DNF until denitrifiers become 
saturated with nitrate at high concentrations. DNF may have been saturated with nitrate due 
to limitation by factors other than the supply of nitrate, such as organic matter availability 
and temperature (Pfenning and McMahon 1997). Alternatively, confounding factors may 
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have been present between upstream and downstream sites which influenced DNF. The 
nitrate flux is influenced by a variety of factors which affect the diffusive path length, 
including oxygen concentration in the overlying water, SOD, and porosity. Oxygen 
concentrations are unlikely to have had an effect since the inflowing water was aerated 
during continuous flow-through incubations. Also, SOD did not differ significantly between 
upstream and downstream sites, so is unlikely to have had an effect. DNF has been shown to 
be negatively correlated with porosity (Solomon 2009). The porosity in the New River likely 
differed between the upstream and downstream sites given that the upstream sediments were 
sandier and more organic-rich than downstream sediments. The oxygen penetration depth 
could have been deeper at the upstream site due to increased porosity, increasing the 
diffusive path length for nitrate. On the other hand, increased porosity could have also 
increased the diffusion coefficient for nitrate, which would have had the opposite effect. 
Also, salinity did differ between the upstream and downstream sites at times. Even though 
nitrate was higher at the downstream site in the Newport River during some seasons, higher 
salinity at the downstream site could have resulted at inhibition of DNF. Although it is 
difficult to confirm whether these rivers were nitrate limited, the lack of effect of nitrate 
concentration on DNF provides strong evidence that DNF was not limited by nitrate in these 
rivers. 
 
Organic Matter 
 
Percent organic matter quantity showed major spatial variability in both rivers. The 
higher percent organic matter at the downstream site compared to the upstream site in the 
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New River may be due to differences in land use: the downstream site is buffered by a 
forested floodplain which may supply large quantities of organic matter, while the upstream 
site is buffered by steep banks and agricultural land and therefore may receive less organic 
matter inputs. As expected, the percent organic matter typically increased with distance from 
the river channel at most sites, although this did not occur upstream in the New River. 
Percent organic matter may have increased with distance from the channel for a few reasons. 
As flow velocity declines away from the channel fine, organic-rich particles begin to settle 
out. Also, intermittently flooded areas tend to have higher productivity than permanently 
flooded areas, and therefore increased organic matter supply (Johnston et al. 1997).  
 
Measurements of percent organic matter were used to assess the relationship between 
organic matter quantity and denitrification. One problem with using measurements of percent 
organic matter is that it does not indicate organic matter quality, so variability in percent 
organic matter does not necessarily indicate changes in the availability of carbon which is 
easily broken down by denitrifiers. The relationship between the supply of labile carbon and 
DNF may be more important than the relationship to percent organic matter. A second 
limitation of the method was that organic matter was collected from the top cm of sediment. 
It is unclear if DNF was occurring at 1cm depth, and therefore percent organic matter 
measurements may not have reflected the organic matter quantity at the depth of DNF.  
 
In some cases percent organic matter varied spatially concurrently with DNF, 
although DNF did not typically show significant spatial differences despite significant 
differences in organic matter availability. Higher rates of DNF at the downstream site in the 
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New River during the spring may have been associated with higher percent organic matter 
downstream. The upstream site in the New River could have been limited by organic matter 
supply, and this may have resulted in lower DNF rates upstream during the spring, and 
comparable rates between the sites during the other seasons despite higher concentrations of 
nitrate upstream. Both DNF and organic matter were higher on the floodplain than in channel 
sediments during the spring in the Newport River. DNF was positively correlated to organic 
matter during the spring in the Newport River, although this correlation was dependent on 
two cores which had extremely high organic matter from the upstream floodplain. This 
suggests that it may take extremely large changes in the percent organic matter to show an 
effect on DNF rates. It is unclear why organic matter and DNF were correlated in the winter 
in the Newport River, when DNF rates are likely limited by cold temperatures. There may 
have been a greater spatial trend in DNF at the upstream site compared to the downstream 
site in the Newport River because percent organic matter tended to be higher in the riparian 
zone upstream than the riparian zone downstream. 
 
Given major spatial differences in organic matter in both rivers, it is surprising that 
DNF did not usually show significant differences between sites, since organic matter can be 
an important controlling factor for DNF. This lack of relationship could suggest that DNF 
was not limited by organic matter in the TFZ, which is possible given that the TFZ typically 
has high organic matter availability. Previous studies in the TFZ have also reported a lack of 
relationship between percent organic matter and DNF in the TFZ (Ensign et al. 2008). Still, 
these results do not provide strong evidence for excess organic matter due to the limitations 
in methodology. The lack of correlation between DNF and percent organic matter could 
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reflect differences in the depth interval for organic matter measurements and DNF. Also, 
even though percent organic matter varied spatially, the supply of labile carbon may not have 
varied. Leaf litter and woody debris were present at the floodplain sites, which is usually 
difficult to break down. Therefore, variation in percent organic matter between the channel, 
bank, and floodplain may have largely reflected variation in the supply of refractory carbon. 
As a result, DNF could have still been limited by organic matter in these rivers, but 
measurements of organic matter quality would have been necessary to observe a correlation 
between organic matter and DNF.  
 
Sediment Oxygen Demand 
 
Although organic matter quality was not measured, SOD can act as an indicator for 
organic matter quality, along with other factors which can affect DNF such as nitrification, 
the oxygen penetration depth, and temperature. The positive relationships between SOD and 
DNF suggest that one of these factors associated with SOD is a strong controlling factor of 
DNF in the New River, and is seasonally important in the Newport River. DNF may have 
increased with SOD in the Newport River because nitrification can represent a significant 
portion of SOD (Seitzinger and Giblin 1996). Nitrification could explain the SOD-DNF 
relationship in the New River also, but this is less likely since direct DNF tended to dominate 
in the New River. In the New river, SOD may have affected DNF by changing the oxygen 
penetration depth, which affects the diffusion distance for water column nitrate (Rysgaard et 
al. 1994). Nitrate supply, either from nitrification or the water column is less likely to explain 
the SOD-DNF correlation if DNF was not limited by nitrate in these rivers, which is 
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suggested by the lack of significant difference in DNF between upstream and downstream 
sites. Assuming organic matter limited DNF instead of nitrate, SOD and DNF may have been 
positively correlated since both SOD and DNF can be impacted by the supply of labile 
organic carbon. If this was the case, SOD may be indicating variability in the supply of labile 
carbon.  
 
The results show that that the relationship between SOD and DNF can vary over time; 
this was particularly the case in the Newport River. The weaker relationships between SOD 
and DNF in the winter of both rivers may be due to temperature limitation of DNF. It is 
unclear why DNF was not significantly correlated to SOD during the fall in the Newport 
River, although the relationship is still positive, and there may have been a lack of statistical 
power to detect a relationship. It is also possible that DNF did not increase with SOD due to 
a reduction in the depth interval of the aerobic zone at high rates of SOD, resulting in 
inhibition of nitrification (Cornwell et al. 1999).  
 
The strong correlations between DNF and SOD in both rivers when including all the 
data  supports previous work in suggesting that SOD is a strong predictor variable for DNF 
(Seitzinger and Giblin 1996, Mulholland et al. 2008, Fennel et al. 2009, Piehler and Smyth 
2011). Differences in the slope of the SOD-DNF relationship can indicate differences in 
mechanisms controlling the SOD-DNF relationship (Piehler and Smyth 2011). Since DNF 
was mainly coupled in the Newport River and mainly direct in the New River, a difference in 
the slope of the SOD-DNF relationship would have been expected, since the amount of 
oxygen used per unit DNF would be different if the source of nitrate differed. The 
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correlations of SOD and DNF during individual seasons did not show a difference in the 
slope, which is surprising, although these correlations may have lacked the statistical power 
gained by combining all the data. The slope of the SOD-DNF relationship was higher in the 
New River than the Newport River when including the data from all seasons. DNF could be 
increasing at a faster rate with SOD in the New River since less oxygen may be used per unit 
DNF in direct DNF.  
 
Strong correlations between SOD and DNF were present when SOD did not show 
any significant spatial differences. Both SOD and DNF were higher upstream during the 
winter in the Newport River, so SOD may have impacted spatial variability of DNF in this 
case. Still, the lack of correlation between SOD and DNF during this season suggests that 
other factors may have been responsible for higher rates of DNF upstream during the winter. 
Since SOD was a good predictor variable for DNF in the New River, and sometimes in the 
Newport River, but did not usually show significant spatial variation across elevation or 
between upstream and downstream sites, it is not surprising that DNF did not usually show 
significant spatial differences either.  
 
Seasonal Variation in Denitrification 
 
DNF can vary seasonally in aquatic systems with factors such as nitrate 
concentration, oxygen, temperature, or organic matter supply. Senga et al. (2010) observed 
high rates of DNF in the summer and fall, and the lowest rates in the spring and winter. They 
also found a positive correlation between DNF and temperature. Zhong et al. (2010) found 
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that in Lake Taihu, China the highest rates of DNF occurred in the spring, and the lowest 
DNF rates occurred in the fall and summer, largely due to variability in nitrate 
concentrations. DNF can be low during the summer months due to competition for nitrate 
with algae (Rissanen 2011, Rysgaard 1995, Zhong et al. 2010). In this study the highest rates 
of DNF in the fall were in the New River, and the lowest rates were in the winter, while DNF 
rates were highest during the summer in the Newport River and lowest in the winter and 
spring.  
 
Temperature or another factor associated with SOD could have controlled DNF at a 
seasonal scale, since both SOD and temperature were positively correlated with DNF. 
Temperature could have affected DNF directly by impacting the metabolic rate of 
denitrifiers. DNF rates have been reported to slow tremendously below 4°C, so cold 
temperatures likely limited DNF during the winter (Pfenning and McMahon 1997).  DNF did 
not always increase with temperature: despite a large temperature difference between the 
winter and spring in the Newport River the DNF rates remained the same. DNF has been 
previously shown to have an exponential relationship with temperature (Nowicki 1994), so 
low DNF rates in the spring of the Newport River despite warmer temperatures are not 
unexpected. SOD and DNF may have been positively correlated because temperature can 
affect both overall microbial metabolism as well as the metabolic rate of denitrifiers, but 
another factor associated with SOD besides temperature may have controlled DNF at a 
seasonal scale. SOD could be related to DNF seasonally because organic matter availability 
can change as the vegetation community or productivity changes. Since SOD can affect DNF 
through a variety of mechanisms besides temperature, it is not clear whether temperature or 
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another factor associated with SOD drove variability of DNF between seasons. Since SOD 
was correlated with DNF during individual seasons when temperature should not impact the 
SOD-DNF relationship, the correlation between SOD and DNF at a seasonal scale likely 
reflects changes in organic matter availability, although cold temperatures probably limited 
rates of DNF during the winter. The lack of relationship between temperature and DNF in the 
Newport River in Ensign et al. (2008) may also support that other factors besides temperature 
typically control DNF at a seasonal scale in the Newport River.  
 
Differences in DNF Between Rivers 
 
Higher rates of DNF in the New River than the Newport River during the fall and 
spring may have resulted from differences in temperature, SOD, or nitrate between the rivers. 
Even though the experiments were performed within a week of each other, the ambient water 
temperature differed by a large amount between rivers at times. For example, higher DNF 
rates in the New River during the spring were associated with a 5°C higher incubation 
temperature (average ambient water temperature between upstream and downstream sites) in 
the New River than the Newport River. Higher rates of DNF in the New River might be 
associated with higher nitrate concentrations, although nitrate concentrations did not appear 
to limit the rates of DNF in the Newport River. DNF rates were higher in the New River 
during the spring and summer when SOD was higher in the New River than the Newport 
River. A higher incubation temperature in the New River during the spring and fall may be 
responsible for higher SOD in the New River during these seasons, although differences in 
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organic matter supply between the rivers may have been important also in causing 
differences in SOD.  
 
Future Research 
 
Future research on spatial variability of DNF in the TFZ should focus on 
understanding if spatial variability in DNF changes over a tidal cycle. DNF rates could be 
higher on the floodplain than channel sediments at the onset of inundation due to increased 
nitrate availability from nitrification, but the MIMS does not account for this pulse of nitrate 
(Ensign et al. 2008). If the rate of DNF changes over a tidal cycle, the DNF measurements 
from the riparian zone in the TFZ of the New and Newport River could have been 
underestimated. On the other hand, nitrification was not a major source for DNF in the New 
River, so priming of the sediments with nitrate from nitrification are less likely to have 
impacted the accuracy of measurements in the New River. Also, if DNF was limited by the 
supply of labile carbon rather than the nitrate supply in these rivers, a pulse of nitrate from 
nitrification at the onset of inundation may have little effect on DNF rates. The approach 
used in this study also fails to account for differences in water temperature between 
floodplain and channel environments. Floodplains may have higher water temperatures due 
to a greater surface area of water exposed to solar radiation. This could enhance DNF on 
floodplains compared to channel sediments, so future experiments should compare 
temperatures between water overlying channel sediments and water overlying riparian zone 
sediments. If temperatures are different between the channel and floodplain sediments, 
different incubation temperatures would be required to show accurate rates of DNF using 
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MIMS. Organic matter quality may have limited rates of DNF in these rivers, so it would be 
beneficial to assess organic matter quality. Measuring organic matter quality in the upstream 
and downstream locations of the New River might help to explain why DNF did not usually 
differ significantly despite a large contrast in percent organic matter. Also, more work is 
needed to examine how the inundation regime changes seasonally in the TFZ, and how this 
affects the relative importance of channel sediments and the riparian zone. 
 
Conclusions 
 
Anthropogenic nitrogen loading has been a sustained problem worldwide, with 
increased nitrogen loading to coastal ecosystems leading to a variety of water quality 
problems in estuaries and oceans including eutrophication, fish kills, and harmful algal 
blooms. By the 1990s the rate of anthropogenic nitrogen loading to the biosphere was 
approximately 156 Tg N yr-1, and this is expected to increase to 270 Tg N yr-1 by the year 
2050 (Galloway et al. 2004). Therefore, it is important to understand nitrogen sinks such as 
DNF in aquatic ecosystems. Understanding DNF in the TFZ is especially important because 
the TFZ is under intense developmental pressure, may be threatened by sea level rise, and 
because the TFZ may be a hotspot for DNF. 
  
This research examined how denitrification varies spatially between the channel, 
bank, and floodplain, and upstream and downstream, and which factors control DNF in the 
TFZ. Advancing the knowledge of spatial variability in DNF in the TFZ is important for 
determining the ability of the TFZ to act as a sink for nitrogen, and the relative importance of 
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the riparian zone and channel sediments as a sink for N2. In this study, DNF was capable of 
removing a substantial source of the incoming N load during some seasons, supporting the 
notion that the TFZ is a hotspot for DNF. Tidal freshwater rivers are unique in that DNF 
occurs in both the river and expansive riparian floodplains. Previous studies have shown that 
the riparian zone in the TFZ is a reactive site for nitrogen removal, but this has not previously 
been confirmed in the river channel sediments. Comparable rates of DNF between the 
channel, bank, and floodplain suggest that in general DNF was active at all sites regardless of 
inundation frequency or elevation. These results suggest that channel sediments can be an 
important sink for nitrogen, and that the relative importance of the channel and riparian zone 
can differ between TFZ river systems. These results significantly improve our understanding 
of spatial variability of DNF in the TFZ, and are useful for constraining N budgets in the 
TFZ. 
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